[1] A new ICP-MS database for glasses from the Mariana Trough, together with published and new ICP-MS data from the Mariana arc, provides the basis for geochemical mapping of the Mariana arc-basin system. The geochemical maps presented here are based on the graphic representation of spatial variations in geochemical proxies for the principal mantle and subduction components. The focus is on three elements with high and similar partition coefficients but different behavior in subduction systems, namely, Ba, Th, and Nb. Two elements with different partition coefficients, Ta and Yb, are used as normalizing factors. Ratio maps (Ta/Yb, Nb/Ta, Th/Ta, Ba/Ta, Ba/Th) provide the simplest petrogenetic insights, subduction zone addition maps based on deviations from a MORB array provide more quantitative insights, and component maps represent an attempt to isolate the different subduction components. The maps shown here indicate the presence of a variably depleted asthenosphere and three added components: a Nb-Th-Ba component, a Th-Ba deep-subduction component, and a Ba-only shallow-subduction component. The asthenosphere entering the system is enriched relative to N-MORB and appears to be focused at three sites within the Mariana Trough. The Nb-Th-Ba component is present mainly in the north of the arc (the Northern Seamount province and northern Central Island Province), the northern edge of the Mariana Trough, and two locations within the Southern Seamount Province. It has a distinctively high Nb/ Ta ratio and a moderate enrichment in Th and Ba relative to Nb. Its composition and distribution indicate that it may not be part of the present subduction system but instead originates in mantle lithosphere previously enriched above the subduction zone by addition of small-degree, subduction-modified mantle melts. The Th-Ba component is present throughout the arc and, in minor amounts, in parts of the back-arc basin. The Ba-only component is mainly present in the central part of the arc and at the edges of the backarc basin. Overall, the geochemical maps provide a new perspective on the geochemical processes that accompany the evolution of an arc basin system from prerifting lithospheric enrichment, through arc-rifting to arc volcanism and back-arc spreading.
Introduction
[2] Geochemical mapping has many applied applications, and geochemical maps have proven valuable for agriculture, mining and industrial health. They are rarely used for ''pure'' scientific purposes. However, they do have an underestimated function in petrogenetic interpretations, by enabling chosen geochemical parameters to be studied in a spatial context. Potentially, they can then be used to study mantle domains, mantle flow and the distribution of mantle source components. The aim of this paper is to apply geochemical mapping to the interpretation of the Mariana arc-basin system.
[3] Stern et al. [2003] reviewed the geochemical and geodynamic characteristics of the Mariana arc and Mariana Trough back-arc basin as part of the greater Izu-Bonin-Mariana system and highlighted its significance for investigating arc rifting and the early evolution of back-arc spreading. To provide a geochemical mapping contribution to this investigation, we have assembled a new ICP-MS geochemical database of lavas from the Mariana Trough and Southern Mariana arc. This database, coupled with published data from the Central and Northern Mariana arc, gives the geographic and geochemical coverage required for this work.
Tectonic Subdivisions of the Mariana Arc-Basin System
[4] The Mariana arc-basin magmatic system ( Figure 1 ) is made up of two parts: the Mariana arc; and the Mariana Trough. The Mariana arc has a classic arcuate geometry and is made up of some 40 active submarine and subaerial volcanoes. The Mariana Trough is an actively extending back-arc basin which converges on the arc in the north and south, and reaches a maximum distance of about 100 km behind the arc in its center. Both can usefully be subdivided into South, Central and Northern sections, as also illustrated in Table 1 .
Mariana Arc
[5] The Southern Seamount Province (SSP), south of 16°N, comprises nine submarine volcanic edifices, four of which (Ruby, Diamante, Esmeralda, Tracey) are named, the others unnamed [Dixon and Stern, 1983; Stern et al., 1989] . It is constructed on back-arc crust west of the fore-arc frontal ridge containing the islands of Guam, Rota, Saipan and Tinian. The Mariana Trough to the west is actively spreading. In the extreme south, the arc bends to run parallel with the trench and eventually converges with the remnant arc of the Mariana Ridge [Fryer et al., 1998; Martinez et al., 2000] .
[6] The Central Island Province (CIP), from 16°to 20.7°N, is dominated by nine subaerial volcanoes from Uracas in the north to Anatahan in the south [e.g., Woodhead, 1989; Elliott et al., 1997] , although it also includes a number of volcanic seamounts [Bloomer et al., 1989a] . It was constructed on rifted and spread back-arc basin lithosphere. As with the SSP, the Mariana Trough to the west is actively spreading.
[7] The Northern Seamount Province (NSP), from 20.7°to 24°N, is a continuation of the CIP. Unlike the CIP, however, all its volcanoes are submarine and the Mariana Trough to its rear lacks a clear spreading axis. It appears to be constructed on preexisting arc crust rather than oceanic crust. Its southern part, from 20.7°to 23°N, is labeled the Southern NSP (S-NSP). This province also has chains of small volcanoes extending into the Mariana Trough along WSW to SSW trends [Hussong and Fryer, 1983; Stern et al., 1993; Fryer et al., 1997] , although a lack of necessary data excludes them from this study. Its northern part, from 23°to 24°N, is termed the Northern NSP (N-NSP) and marks the part of the system where the Mariana Trough and Mariana arc meet in a zone of arc rifting about 150 km long [e.g., Gribble et al., 1998 ]. This is also a region where convergence between the Pacific and Philippine Sea plates is highly oblique, with implications for the PTt path, and hence fluid-release history, of the subducting plate. Many of the rocks in this part of the arc have shoshonitic compositions [Bloomer et al., 1989b; Lin et al., 1989] and thus it has been also been termed the ''Alkalic Volcano Province'' [Sun and Stern, 2001] .
Mariana Trough
[8] The Southern Mariana Trough (SMT), from 12.5°N to 17.5°N, varies considerably in morphol-ogy along its length. South of about 14.1°N, it has an inflated (fast spreading) morphology, forming a shallow (<3 km) platform [Fryer, 1995] which converges on, and intersects, the Southern Seamount Province of the Mariana Arc at about 12.5°N. This is consistent with recent GPS results indicating faster spreading in the south than in the north [Kato et al., 2003] . North of 14.1°N, the ridge attains the morphology of a typical slowspreading ridge which is initially deep, but becomes shallower north of 15°N. Stüben et al. [1998] have subdivided this part of the ridge into a number of segments, as depicted in Figure 1 . We have taken the northern boundary of this part of the Mariana Trough as the Pagan Fracture Zone at about 17.5°N [Gribble et al., 1996] .
[9] The Central Mariana Trough (CMT), from 17.6°N to 21°N, includes the well-studied part from the Pagan FZ from about 17.6°N to about 18.5°N [Hawkins et al., 1990; Volpe et al., 1987] . The ridge to the north, from 18.5°to 20.5°N, includes segments 2-4 of Yamazaki et al. [2003] .
At its northern end, it converges on, but does not intersect, the northern part of the Central Island Province of the Mariana arc. We have taken the northern boundary of this part of the Mariana Trough as the northernmost extent of true spreading, although we note that its location is still debated. Martinez et al. [2000] have the boundary at about 19.7°N, with an amagmatic central graben and then a rift axis to the north. Yamazaki et al. [2003] have the boundary at 22.1°N. For this paper, we choose a boundary at about 21°N between segments 1 and 1 0 of Yamazaki et al. [2003] , and between the eastern and western limbs of the Central Graben of Martinez et al. [2000] ; this is based on the fact that Segment 1 0 has geochemical characteristics of the spreading Mariana Trough to the south, whereas Segment 1 has characteristics of the rifting or diffuse spreading Mariana Trough to the north (see Tables 2 and 3 ).
[10] The Northern Mariana Trough (NMT), from 21°N to 24°N, may be subdivided into three parts. The Southern Volcano-Tectonic Zone (SVTZ), from 21°to 22°N, converges on the S-NSP part of the arc at the latitude of Fukujin Seamount. It is thus equivalent to Segment 1 of Yamazaki et al. [2003] . It is dominated by fissure eruptions associated with a relatively shallow (<2800 m), ridgelike feature. The Northern Volcano-Tectonic Zone (NVTZ), 22°to 23°N, is dominated by volcanic edifices separated by rift basins. It runs subparallel to where the arc would lie but there is no actual arc activity at these latitudes, indicating that the NVTZ may have ''captured'' both the arc and back-arc magmatism [Gribble et al., 1998; Stern et al., 2003] . The third part, not sampled, comprises the small rifted basins within the N-NSP.
Geochemical Database
[11] This paper utilizes our new ICP-MS data set for samples from the Mariana Trough. Many of the samples already had major element, XRF and INAA (or isotope dilution) trace element data and the new data adds information on certain petrogenetically important elements, especially, Nb, Ta, Hf, Th, and U, as well as providing complete REE coverage. The Mariana Trough samples used were dredged from 20-23°N [Stern et al., 1990; Gribble et al., 1998 ], 15-17°N [Gribble et al., 1996] Table 1 Ikeda et al., 1998 ]. The complete data set (major element data from the publications listed above plus the new ICPMS data) is presented in Table 3 .
[12] For the arc, the data used are those of Bloomer et al. [1989b] , Peate and Pearce [1998] , and Sun and Stern [2001] for the NSP and the seamounts of the CIP. Data from the subaerial volcanoes of the CIP are taken from Woodhead [1989] , Woodhead et al. [2001] , and Elliott et al. [1997] . New ICP-MS analyses were also carried out for the Southern Seamount Province, extending the data sets published by Dixon and Stern [1983] , Stern and Bibee [1984] , and Stern et al. [1989] . All new analyses were carried out by ICP-MS using the Thermoelemental X-series machine at Cardiff and the dissolution method described by Pearce et al. [1995] . Accuracies (with respect to international standards JB1 and BIR-1) and relative standard deviations obtained from multiple dissolutions are given in Table 3 . a The Mariana Trough is divided into Northern (NMT), Central (CMT), and Southern (SMT) parts, each in turn having northern (N), central (C), and southern (S) subgroups. Note that the precise boundary between the NMT and CMT is still debated, and that between the CMT and SMT is for convenience of geochemical grouping and differs from the boundary based on slow-to-fast ridge morphology, which lies between SMT(N) and SMT(C). The Northern (nonspreading) part of the Mariana Trough is divided into rift, Northern Volcanic Tectonic Zone (NVTZ), and Southern Volcanic Tectonic Zone (SVTZ) segments according to Martinez et al. [1995] . The Central and Southern parts are divided into 21 ridge segments based on surveys of Hawkins et al. [1990 ], Martinez Et Al. [2000 , and Yamazaki et al. [2003] . The arc is divided into a Northern Seamount Province (NSP) with Northern (N-NSP) and Southern (S-NSP) parts, a Central Island Province (CIP), and a Southern Seamount Province (SSP) according to Stern et al. [1988] . The arc volcanoes listed are those included in this study. Sample numbers for each segment can be obtained from the HTML version of Table 3 , though note that the segment 6 data set also includes published data of Hawkins and coworkers.
[13] Because the absolute concentrations of Nb and Ta, and the Nb/Ta ratio, play an important part in this study, all the samples in Table 3 were analyzed a second time for a small subset of elements (Zr, Nb, Yb, Hf, Ta, Th) and with long time-integrated dwelltimes. Calibration for Nb and Ta is based on the BHVO-1, BCR-1, W-2 and AGV-1 values of Eggins et al. [1997] with BIR-1 analyzed as an unknown as a check of low concentrations. Importantly, the detection limit for the key element, Ta, is <0.001 ppm, i.e., well below its concentration in even the most depleted sample analyzed. The values quoted for these elements in Table 2 are weighted averages of the two analyses. The NSP and CIP samples of Peate and Pearce [1998] (some of which were also analyzed by Sun and Stern [2001] ) and the CIP samples of Woodhead et al. [2001] were also reanalyzed for these elements to provide a consistent data set. In fact, only the Ta required amending and, even then, differences with the original values are small, as will be seen in [14] Given that most of the geochemical features of the arc-basin system have already been discussed in some detail (see the review by Stern et al.
[2003]), the focus of this paper is on the new data, especially the highly incompatible elements, Ba, Th and Nb. This is an important combination of elements, as all are highly incompatible, with very similar behavior during melting and fractional crystallization. However, they are decoupled by subduction processes. Although the details vary according to the precise residual mineral assemblage present, experiments essentially show that Ba, but not Th, is significantly partitioned into aqueous fluids derived from the subduction zone, while both Ba and Th are significantly partitioned into siliceous melts [e.g., Keppler, 1996; Johnson and Plank, 1999] , results which are supported by empirical studies of subduction-zone metamorphic complexes [e.g., Sorensen and Grossman, 1989; Breeding et al., 2004] . In contrast, Nb is probably mobilized from a rutile-bearing slab only in melts at the highest temperatures [e.g., Ryerson and Watson, 1987; Ayers and Watson, 1993; Brenan et al., 1994] . Ta and Yb are used to normalize these three elements for reasons detailed in the next section. Most other elements are not discussed here through lack of space, but we publish the full database to allow the reader to evaluate other potential geochemical proxies that are not developed here through lack of space.
Geochemical Mapping Using Element Ratios

Use of Trace Element Ratios as Proxies for Subduction and Mantle Processes
[15] Individual incompatible elements have limited use in geochemical mapping because their abundances are modified by partial melting, fractional crystallization and crystal cumulation, as well as mantle composition. Correcting all samples to a given concentration of MgO is difficult to accomplish confidently for arc lavas, which are characteristically evolved, multiply saturated, and rich in phenocrysts. We deal with fractionation and phenocryst accumulation by dividing each element by a trace element that is incompatible and highly conservative in subduction systems. Yb is particularly suitable as it is strongly compatible with eclogitic assemblages and so is one of the most subduction-immobile incompatible elements. It can vary significantly during partial melting, but not in most oceanic subduction systems where the shallow depth and high degree of melting rarely result in residual garnet. The effects of Yb normalization can be seen in Figures 2a and 2b . The geochemical patterns are relocated at Yb = 1 and the normalization reduces inter-pattern variability. Thus a single element such as Nb will be plotted as Nb/ Yb. Normalizing to Ta concentrations is potentially even more useful, as Ta is only slightly less incompatible than Ba, Th and Nb. However, it will emerge that there is at least one situation in which Ta is concentrated in a mantle enrichment component, so Yb remains the most reliable normalizing element.
[16] The geochemical pattern in Figure 2c highlights some of the element ratios that can usefully act as proxies for subduction processes and hence form the basis of geochemical maps. There are three principal types of proxy. Ratios of conservative elements with different compatibilities (e.g., Nb/Ta, Nb/Yb) highlight mantle source variations and degree of melting. Ratios of elements of similar incompatibilities, one subduction-mobile and one subduction-immobile, highlight subduction inputs. The most useful of these include Ba/Ta and Th/Ta (or Ba/Nb and Th/Nb), as explained by Elliott et al. [1997] in their study of the CIP. As noted earlier, Ba enrichment, and hence high Ba/ Ta, characterizes the total subduction component as Ba is released over a wide range of subduction temperatures; in contrast, Th enrichment, and hence high Th/Ta, characterizes only the highertemperature melt component. In consequence, high Ba/Th characterizes the lower-temperature fluid component because both elements are mobilized in melts but only Ba is mobilized in fluids. The caveat to the use of these proxies is that many of the details of fluid-solid partitioning are poorly understood. However, as will be seen, they appear to give useful first-order information, especially when considering a single subduction system.
Mapping the Mariana Arc-Basin System Using Trace Element Ratios
[17] Figure 3 gives some maps based on some of the more important element ratios. Each data point is represented by a circle. In Figure 3 , we have color-coded the data for black-and-white compatibility on a scale from dark red (high) to pale pink (low). Where the circles overlap, the color in the overlap zone represents the mean of the overlapping data points. Scaling the maps presents a difficult choice. Linear scales would reflect the fact that addition of the subduction component is a linear process. Logarithmic scales would reflect the fact that dynamic melting and melt extraction are highly non-linear. Expanding the two ends of the range may reflect the fact that the distribution of each element ratio in the arc-basin system is bimodal, with the basin at one mode and the arc at the other. We use logarithmic scales for most element ratio maps, but a linear scale for Nb/Ta where the range of values is small. These ratio maps highlight a series of features within the Mariana arc-basin system. Here, we first use them to discuss variations in enrichment and depletion of mantle sources (Ta/Yb), then to discuss the total addition of subduction components (Ba/Ta), and finally to determine how processes responsible for adding the subduction component vary along and across strike of the system (Th/Ta, Nb/Ta, Ba/Th). Note that except at its extremities, the Mariana Trough is more enriched than average N-type MORB (which has a Ta/Yb ratio of about 0.04 [Sun and McDonough, 1989] ). Ta/Yb is, of course, also sensitive to variations in degree of melting, but this only has a significant impact when garnet is residual or the degree of melting is small. In this case, there is no evidence of residual garnet in any sample, nor of very low degrees of melting [e.g., Stolper and Newman, 1994; Gribble et al., 1998 ], so it is likely that these variations are primarily highlighting source variations. For a subduction system in a given thermal state, Ta/Yb is a proxy mainly for mantle fertility, Ba/Ta is a proxy for total subduction addition, Nb/Ta is a proxy for ultradeep subduction, or mantle-derived, small-degree melt addition, Th/Ta is a proxy for deep subduction addition, and Ba/Th is a proxy for shallow subduction addition. 
Mapping Mantle Enrichment and Depletion Using Ta/Yb Ratios
Mapping Total Subduction Enrichment Using Ba/Ta Ratios
Mapping Deep Subduction Enrichment Using Th/Ta Ratios
[21] The Th/Ta map (Figure 3d ), depicts only the deep subduction enrichment, Th having low-mobility at low temperatures (and hence shallow depth) in the Mariana system. Superficially it resembles the Ba/Ta map, as both highlight the high subduction component in subarc mantle and the areas of mantle in the Mariana Trough that have evaded subduction addition. However, there is not a perfect correlation between Ba addition and Th addition, a distinction which is better studied through the Ba/Th ratio in Figure 3e .
Mapping Shallow Subduction
Enrichment Using Ba/Th Ratios [23] The basic element ratio maps thus highlight a series of spatial geochemical relationships which require explanation. These include the patchy distribution of subduction-free mantle within the Mariana Trough, the apparently fertile mantle and high Nb/Ta of the NSP, and the increase in subduction component toward the northern and southern margins of the Mariana Trough. It is, however, possible to carry out more sophisticated mapping by trying to isolate, quantify and map the various components independently. In particular, we need to evaluate the null hypothesis, that Nb is immobile within the system. This is carried out in the Sections that follow.
Geochemical Mapping Using Subduction Inputs
Quantification of the Subduction Inputs
[24] The subduction inputs manifest themselves as distinctive fractionations of incompatible element ratios. However, it is important to ensure that these fractionations do result from subduction and not mantle wedge processes. In order to evaluate and map subduction inputs, we must therefore first identify the non-subduction variations. To do this, we define the MORB array using samples from the same mantle domain containing no subduction component. Because the global MORB array includes regional variations, the optimum approach is to identify the local MORB array. For the Mariana Trough, we selected the most MORB-like analyses from the spreading portions of the Mariana Trough together with MORB from the now-extinct (45 -50 Ma) spreading axis of the West Philippine Basin (Table 4) . These samples form a single, well-defined array. It is thus likely that there is a regional mantle domain which has supplied asthenosphere to the Mariana arc-basin systems since the Eocene. We use these Mariana Trough samples to define the MORB array and quantify the subduction inputs. Appendix A presents the MORB arrays and summarizes the methodology used to quantify the deviations from the arrays.
[25] Figure 4 contains the plots used to quantify the proportion of subducted elements in the mantle source to the lavas of the Mariana arc-basin system. Figures 4a-4c highlight displacements from the MORB array for the elements Ba, Nb and Th. The contours give the percentages of each of these three elements in the mantle source that can be attributed to subduction, assuming that both Ta and Yb are conservative (subduction-immobile) elements. Figure 4d highlights the displacement of Ba from the MORB and deep subduction arrays. The contours give the percentage of Ba in the mantle source that can be attributed to shallow subduction, assuming that Th is immobile in shallow (low-T) subduction fluids. If Th always has some mobility, then these percentages will be underestimates of the true shallow component.
[26] Figures 4a -4c thus highlight the selective additions of the more subduction-mobile elements to the mantle wedge. Ba, the most subductionmobile element, provides the greatest displacement of the arc from the MORB array and is most sensitive to subduction additions to the back-arc basin ( Figure 4a ). The contours demonstrate that over 90% of the Ba in the mantle source of the arc lavas is subduction-derived, with the NSP having the highest values. The spreading part of the Mariana Trough (SMT and CMT) has 0-75% as subduction-derived, and the rifting part of the Mariana Trough (the NMT) has intermediate values. Th reveals a similar enrichment pattern but with somewhat smaller displacements (Figure 4c ). More surprising is the fact that arc lavas from the NSP are displaced from the MORB array on the Nb-Ta diagram (Figure 4b ). By contrast, the vast majority of Mariana Trough spreading lavas, and CIP and SSP arc lavas, plot along the MORB array. Thus, unless melting leaves a residual phase which fractionates Nb from Ta [Sun and Stern, 2001 ], a Nb-bearing fluid or melt component must have contributed to the source of the northern Mariana arc lavas. The Ba-Th diagram in Figure 4d shows that the mantle array and the deep-subduction trend (best exemplified by Mariana Trough Segments 2-3) follow very similar trends with slopes close to unity. Shifts above this array are then a function of shallow addition of Ba (but not Th) to mantle modified by deep subduction components. The contours show that up to 90% of the Ba in some arc lavas owes its origin to this shallow subduction component, although other arc lavas contain no shallow component.
[27] In Figure 4 , there are several trends of interest. The methodology for interpreting these trends has been described by Pearce et al. [1995] . Trends parallel to the MORB array can be explained by the processes which influence the MORB array, namely, source mixing, dynamic melting and melt extraction during flow. Vertical trends can be explained by variable subduction component addition to a given mantle source. Trends shallower than the MORB array can usually be explained by subduction addition to a variable mantle source. Trends steeper than the MORB array can usually be explained by mixing of mantle containing different proportions of both mantle and subduction components.
[28] From this, it is apparent that the Mariana Trough segments that form vertical arrays in Figures 4a and 4c experience variable Ba and Th addition, but little or no Nb addition, to the mantle source. This is particularly clear in the northern part of the CMT (Segments 2-3) and the SMT (Segments 17-18). In Figure 4b , the displacement from the MORB array for some arc samples requires a Nb-bearing component, although addition of this component gives a diagonal, rather than vertical, vector as Ta must be mobile as well as Nb. However, the MORB-parallel trend followed by the NSP is characteristic of mantle, rather than subduction, processes; i.e., it is attributable to mantle enrichment and depletion processes, or to dynamic melting. To preserve this trend, the Nbbearing subduction component must be added before the mantle processes operate.
[29] Similarly, the MORB-parallel trend exhibited by the NSP in Figure 4c could be explained by Th addition followed by mantle depletion and dynamic melting. By contrast, the diagonal trend in Figure 4c followed by some SSP and CIP lavas is better explained by source mixing. The shallow trends followed by arc and rifting lavas on the Babased diagrams of Figures 4a and 4d could be explained by mixing, or by addition of a subduction component to variably depleted mantle, or by mantle depletion combined with addition of the Ba-rich subduction component. Overall, therefore, the causes of displacement of the compositions from the MORB array are varied and complex. At least some of the Mariana arc cannot therefore be explained simply in terms of the addition of two subduction components (fluid and melt) to a mantle source.
Mapping the Mariana Arc-Basin System Using Subduction Additions
[30] Figure 5 gives the geochemical maps based on subduction additions as quantified in Appendix A and illustrated in Figure 4 . The subduction additions represent the percentage of a given element in the mantle source that is derived from the subduction zone. The symbol DM 1 ÀM 2 indicates that the values are calculated for the mobile element M 1 assuming the element M 2 is immobile. Each of the maps highlights a particular feature according to the proxy used.
Mapping Total Subduction Input Using Ba Addition Relative to Ta
[31] This map (Figure 5a ) is predictably almost identical to Figure 3b , the Ba/Ta map. It is particularly effective in highlighting the three parts of the Mariana Trough without subduction components: around 14-15°, 17.5°and 19.5°N. It also illustrates the much higher Ba enrichment in the arc (always >95% subducted Ba) compared to the basin (always <90% subducted Ba) and the increase in subduction component within the basin at the basin edges.
Mapping the Nb-Bearing Subduction Input Using Nb Addition Relative to Ta
[32] The Nb-Ta map (Figure 5b ) benefits particularly from the ''subduction addition'' approach as Nb/Ta can be fractionated significantly both by melting and enrichment processes. By using deviations from the mantle array, the melting process is largely eliminated and the map can then focus on enrichment processes. The map is therefore different in detail from the Nb/Ta map in Figure 3c in that it lacks the variability within the Mariana Trough caused by mantle enrichment and depletion. The Mariana Trough has MORB-like Nb/Ta with insignificant deviations from the MORB array except at its intersection with the arc in the north. Within the arc, the NSP has uniformly high ratios. Most of the CIP (including almost all the CIP studied by Elliott et al. [1997] ) and much of the SSP have values within the MORB array. However, two areas of the SSP, at 12.5°and 14.5°-16°N, include elevated values.
Mapping Deep Subduction Input Using Th Addition Relative to Ta
[33] The DTh-Ta map (Figure 5c ) predictably resembles the Th/Ta ratio map in Figure 3d , any differences reflecting the different scaling. It thus highlights the fact that the NSP has the greatest contribution of subducted Th to the mantle source, and emphasizes the three areas of the Mariana Trough with DTh-Ta <30% which lack significant subduction input.
Mapping the Shallow Subduction Input Using Ba Addition Relative to Th
[34] The DBa-Ta map (Figure 5d ) resembles the Ba/Ta map in Figure 3d and so also demonstrates that excess Ba (shallow subduction addition) is greatest in the central and southern part of the arc. The Mariana Trough only has significant excess Ba in its northern and southern intersections Figure 5 . Geochemical maps showing the deviations from the MORB arrays illustrated in Figure 4 . As in Figure 4 , (a) Ba displacement relative to Ta is a proxy for total subduction addition, (b) Nb displacement relative to Ta is a proxy for ultradeep subduction addition, (c) Th displacement relative to Ta is a proxy for deep subduction addition, and (d) Ba displacement relative to Th is a proxy for shallow subduction addition. DM 1 À M 2 is defined in the caption for Figure 4 . with the arc, with the exception of a few isolated high Ba values.
[35] The subduction-addition plots have some advantages over element ratios. Although the differences in bulk partition coefficients between Ba, Th, Nb and Ta are small, they are not always insignificant and this type of plot largely eliminates the effects of these differences. In particular, the Nb-Ta subduction-addition plot is more effective in highlighting Nb additions than the ratio plots. For Ba-Ta, Th-Ta and Ba-Th, the magnitude of the subduction additions is sufficiently high relative to mantle fractionations that the ratio plots are relatively reliable, though they do have some loss of resolution compared to the subduction-addition approach.
Geochemical Mapping of Source Components
Identification of Components
[36] The plots in Figure 5 reveal that at least three apparent subduction zone components augment the mantle in contributing to magma genesis in the Mariana arc-basin system: a Nb-Th-Ba component (sz 3 in Figure 4 ) which forms a diagonal trend on the Th-Ta plot and a displacement from the MORB array on the Nb-Ta plot; a Th-Ba component (sz 2 in Figure 4 ) which forms a vertical trend on the Th-Ta plot and no displacement from the MORB array on the Nb-Ta plot; and a Ba-only component (sz 1 in Figure 4 ) which gives a vertical displacement from the array formed by other components on a Ba-Th plot.
[37] Figure 6a (Th/Ta against Nb/Ta) combines the evidence from the Th-Ta and Nb-Ta plots and demonstrates on a single diagram the distinction between the Nb-Th-Ba component (seen in the arc and rift samples which approximately follow the diagonal sz 3 vector) and the Th-Ba component (seen in spreading basin samples which approximately follow the vertical sz 1 vector). Figure 6b illustrates how the geochemical pattern for a typical NSP sample may be broken down into four components: an asthenosphere component, a deep-subduction (Th-Ba-bearing) component, a shallow-subduction (Ba-bearing) component and the Nb-Th-Ba-bearing component. We have tentatively interpreted the latter as a lithospheric component for reasons explained in the next section.
[38] If the Nb-Th-Ba component is a lithospheric component, then it has to be subtracted numerically in order to interpret the Mariana system in terms of present-day subduction processes. We have described one method of doing this in Appendix B. Figure 7 applies this method to equivalent plots to those in Figure 4 , but with the Nb-Th-Ba component removed and Table 5 gives data for the northern part of the Mariana arc before and after component subtraction. The effects of lithosphere component removal are striking. The arc now has Ta/Yb ratios which are comparable to, or lower than, the ratios in the spreading parts of the basin. The part of the Mariana Trough spreading center that has ''captured'' the arc now plots predominantly within the arc field. The spreading part of the Mariana Trough now extends to the arc field; i.e., the arc-basin bimodality has disappeared. On the Ba-Ta diagram, the NSP changes from having the highest, to having the lowest, Ba/Yb ratios, which is more in keeping with its greater depth to the subduction zone (Figure 1 ). Using the original and Nb-Th-Ba component-subtracted data, we can now investigate and map the mantle and the three enrichment components in more detail.
Mapping of Components
Mapping the Asthenosphere Component
[39] Although we mapped the mantle composition in Figure 3a using Ta/Yb as a proxy for mantle fertility, the fact that Nb is enriched in many arc and rift lavas from the Mariana arc-basin system means that Ta must also be enriched, i.e., that mantle fertilities may have been enhanced relative to their asthenospheric values. Thus the true picture of asthenosphere composition means that Figure 3a must also be redrawn after subtracting the Ta added in the Nb-Th-Ba component using the methodology in Appendix B. Thus we have recalculated Ta/Yb ratios for samples with Nb/Ta ratios above the mantle array. Note, however, that we only recalculated lavas with >5% added Nb so that the correction did not introduce unnecessary error.
[40] Figure 8a gives the map of corrected ratios. The N-MORB Ta/Yb ratio is 0.04, so that pale Figure 7 . Plots comparing deviations from the MORB arrays on Ba-Ta and Th-Ta diagrams before and after the Nb-Th-Ba component has been mathematically subtracted as described in Appendix B and documented for some arc lavas in Table 5 pink symbols indicate an asthenospheric source that is depleted relative to a N-MORB source, whereas the darker symbols indicate a more enriched source. Thus it is apparent that the arc is depleted except for the northern and southern extremities. In contrast, the Mariana Trough shows the reverse pattern, being enriched except at its extremities.
Mapping the Nb-Th-Ba (Lithosphere) Component
[41] Figure 5a (the map of DNb-Ta) remains a good expression of the distribution of the Nb-Th-Ba component. However, it will have underestimated the extent of Nb addition because of the assumption that Ta was immobile. If we again take a Nb/ Ta gradient of 2 to reflect variable addition of this component, then the extent of Nb addition must be revised upward using the methodology in Appendix B. Figure 8b gives the corrected map for Nb addition and hence the lithosphere component. The distribution of lithosphere component is the same as in Figure 5a (i.e., focused in the NSP and parts of the SSP) but the proportions of added Nb in the mantle are now much higher. The results indicate that up to 60% of the Nb in the NSP may be attributed to the Nb-Th-Ba component (see also Table 5 ).
Mapping the Th-Ba (Deep-Subduction) Component
[42] We mapped the deep subduction component using Th/Ta ratios in Figure 3d and DNb-Ta in Figure 5c . However, we now know that there are potentially two sources of the added Th: the NbTh-Ba component as present in many of the arc lavas; and the effectively Nb-free (Th-Ba) component which is also present in the arc lavas and [1998] , except that Ta has been remeasured by ICP-MS using long count times; the original Ta data (Ta PP ) are included for comparison with the new data. The ''before and after'' comparison emphasizes the importance of the Nb-Th-Ba component in the northern part of the arc (and Mariana Trough). Note that the calculations involve assumptions in estimating the component addition vectors and therefore are only approximations. 2004GC000895 many of the Mariana Trough basalts. To map the real Th-Ba component, the effects of the Nb-Th-Ba component must therefore also be subtracted as described in Appendix B.
Geochemistry Geophysics
[43] Figure 8c gives the corrected map. Now, in contrast to the earlier geochemical maps, the NSP exhibits Th enrichments which are similar in level to those of the other arc segments. The basin again exhibits the three MORB-like areas with little subducted Th addition. Interestingly, the intersection between the Mariana Trough and Mariana arc has elevated values lying between the values of the arc and basin. This supports models of a mixed arcbasin mantle source in that area.
Mapping the Ba-Only (Shallow-Subduction) Component
[44] We mapped the shallow (Ba-only) subduction component using Ba/Ta in Figure 3e and DBa-Th in Figure 5d . As with Th, we used the procedure in Appendix B to make the correction for the Nb-ThBa component. Figure 8d then maps the Ba-only contributions from the subduction zone to the mantle source using, as before, the Ba/Th proxy. The new map resembles the DBa-Th map in Figure 5d , but the proportion of subduction-derived Ba is reduced as shown by the different scales. As before, it highlights the Ba addition to the arc and the variable, but generally small, addition to the basin source. The key observation is then that the greatest addition of the cool, shallow component (monitored by Ba) is in the center (CIP) and south (SSP) of the arc. The basin also shows interesting contrasts. Shallow subduction addition is most evident in the extreme north and south where the basin converges on the arc and the subduction zone therefore lies at shallow depth beneath the BABB source region.
Origin of the Mantle and Subduction Components
Origin of the Mantle Component
[45] The data highlight three locations of regional MORB mantle all in the Mariana Trough and mainly in Segments 16-13 though also in Segments 3 and 8 ( Figure 9 ). These locations have been identified previously. In particular, Gribble et al. [1996] recognized the presence of N-MORB in the SMT and stressed that at least some lavas in the Mariana Trough have no subduction component and so can be explained solely by adiabatic decompression. They also noted that MORB-like Mariana Trough samples have isotopic characteristics similar to those of Indian MORB. Hawkins et al. [1990] found that about half of their samples in their study area from 17.7°and 18.5°N to be N-MORB and the other half to be back-arc basin basalts (BABB). The latter samples lay primarily in the south of their study area, so explaining why Sinton and Fryer [1987] recovered only BABB from 18°N.
[46] Our data and synthesis also indicate that the Mariana Trough MORB resemble Indian MORB mantle in their slightly elevated concentrations of LILE compared with Pacific MORB mantle and plot on the same trace element array as other MORB lavas from the Philippine Sea Plate ( Figure A1 , Appendix A). Note that this emphasizes the importance of choosing the correct MORB array for any calculations of subduction input. Mariana Trough MORB-like basalts are also enriched in incompatible elements relative to N-MORB. There is no evidence for the cause of that enrichment, although MacPherson and Hall [2001] have proposed that plume-related mantle was present in the early stages of the evolution of the Mariana system.
[47] By contrast, lavas from the magmatic front of the arc are almost all depleted relative to the average N-MORB of Sun and McDonough [1989] . This may indicate that the incoming MORB mantle subsequently experienced melt loss during flow toward the arc front as proposed by McCulloch and Gamble [1991] and Woodhead et al. [1993] . The Mariana Trough between and beyond the MORB segments is mostly enriched relative to N-MORB, though less so than the incoming MORB mantle as depicted in Figure 9 . This could mean that the mantle flowed along-axis losing a melt fraction. Alternatively, there may be mixing between depleted subarc mantle and the incoming mantle as proposed by Martinez and Taylor [2002] and Taylor and Martinez [2003] . More detailed investigation of geochemical variations within ridge segments, not an objective of this paper, may help to resolve these options.
Origin of the Nb-Th-Ba Subduction Component
[48] The results of our study indicate a number of constraints on the origin of this component.
[49] 1. Nb/Ta is sufficiently high to require a subduction melt or small-degree mantle melt.
[50] 2. Th/Nb and Ba/Nb are sufficiently high to suggest a subduction contribution. [51] 3. The geochemical maps show that this component is present in the NSP and the northernmost part of the CIP, parts of the SSP, and the NMT (Figure 9 ).
[52] 4. The component is most important in the NSP, where it may be the main cause of subduction enrichment. Elsewhere, it lies on what appear to be mixing lines between NSP and CIP mantle sources.
[53] 5. The CMT and SMT do not contain this component even though they may carry a high ThBa subduction component.
[54] Observation 2 indicates a subduction link, but observations 3 -5 indicate that there is not a systematic relationship between addition of the high-Nb component and the present-day subduction geometry: otherwise the component should predominate where the subduction zone is deepest or be restricted to the northern zone of oblique subduction. Similarly, it is unlikely to be explained by the nature of presently subducting sediment, because the isotopes record a change from volcaniclastic-dominated to mixed pelagic-volcaniclastic sediment input between N-NSP and S-NSP [Peate and Pearce, 1998] , not between the NSP and CIP where the Nb/Ta ratio changes (Table 5) . Thus we believe (as already depicted in Figures 6 and 8 ) that this component is not linked to present-day subduction, but has an origin in the subarc lithosphere. This explains the dominance of the component in areas where the arc has just started rifting in the north and south of the arc-basin system. In that respect, arc rifting resembles continental break-up where the first magmatic products have a lithospheric origin and significant extension is needed before ''normal'' asthenospheric sources prevail.
Other areas of enrichment, namely, the northernmost part of the CIP and the center of the SSP, are not explained by this model. They could, however, result from relict lithosphere or from mantle wedge that is contaminated by a lithospheric component.
[55] If the mantle lithosphere does act as a store for a high-Nb component, the question then arises as to the nature of the this component and how, when and why it was added to the lithosphere. The options, given the constraints listed above, are as follows:
[56] 1. It is a hot subduction component, perhaps slab or sediment melt, added under unusual conditions associated with the presubduction environment (e.g., collisions in the trench, shallowing of subduction, or oblique subduction). In this case the high Nb and high Nb/Ta may be explained by melting of subducted material in the presence of residual rutile [e.g., Green, 1995] .
[57] 2. It represents small mantle-derived melt fractions added to the lithosphere. If these melt fractions result from addition of a Th, Ba-rich fluid to the mantle wedge, then they could derive their high Th/Nb character from the slab, but high Nb/Ta from the mantle. The involvement of carbonatite melts, which are known to have high Nb/Ta ratios [Green, 1995; Hoernle et al., 2002] , may be important. Normally these Ba, Th-rich, high Nb/ Ta melts would contribute to the melting column but, if the melting column is short and arc volcanism is not taking place at the time, then the components could simply infiltrate and enrich the lithosphere.
[58] There are a number of reasons why 2) may provide the best solution. As already noted, the high Th/Ta and Ba/Ta of the lavas containing the Nb-Th-Ba component indicate that much of the Th and Ba have a subduction origin. Th-rich components elsewhere do not exhibit much Nb/Ta fractionation, however [Münker et al., 2004] . Thus mantle source processes must also be important. Most obviously, the shoshonitic lavas of the NSP contain high Na, as well as K, which would support a mantle contribution. In addition, Ito and Stern [1985] use combined oxygen and strontium isotope systematics to infer a ''most probable origin by melting of subduction-modified oceanic island or hot spot type mantle.'' Even for enriched mantle, however, Eggins et al. [1997] conclude that ''any fractionation of Nb/Ta from the mantle source ratio is most likely only at tiny degrees of melting.'' This is supported by the fact that even the alkali basalts from the West Philippine Basin form the upper part of the MORB array with no large displacement to high Nb/Yb ratios (Appendix A). A lithospheric reservoir enriched by a succession of small melt fractions would be a much more effective way of increasing the Nb/Ta ratio of the source. We are currently investigating this hypothesis using Hf isotopes (J. D. Woodhead et al., manuscript in preparation, 2005) . At present, we therefore simply note that Nb/Ta mapping may permit, for the first time in this area, the identification of areas of enriched lithosphere in the Mariana arc-basin system.
Origin of the Th-Ba Subduction Component
[59] The deep component is characterized by both Th (and LREE) and the most fluid-mobile elements such as Ba, Rb and Sr. As Figure 8c demonstrates, this is the main component in the back-arc basin and is important throughout the arc. The component is most likely extracted from the subducted slab as a sediment-derived melt [Elliott et al., 1997] or siliceous fluid [Woodhead, 1989] .
[60] The enrichment of the deep subduction component in arc melts compared with back-arc melts probably relates simply to the proximity of the mantle to the subduction zone. The Th-Nb plot indicates that the mantle begins with a composition similar to the Mariana Trough MORB. In the north (in particular, segments 2-3), the deep subduction component is added to that composition. In the south (segments 17-18) the mantle becomes depleted, presumably during flow along the basin toward the trench, before the deep subduction component is added.
Origin of the Ba-Only Subduction Component
[61] The shallow subduction component as defined here is marked by Ba addition but no significant Th addition. The fact that it reaches its highest contribution in the center of the arc (Figure 9) , with high values also in the south of the arc and where the basin and arc intersect, may indicate that the critical factor controlling the appearance of this component is the ability of the mantle to flow toward the trench so that it overlies the shallow parts of the subduction zone. In the NSP, it is possible that the incipient or early rifting of the arc allows more vertical than lateral flow of the mantle and provides little opportunity for shallow components to be added beneath the arc front; alternatively, oblique subduction may cause any Ba-rich fluid to be released before the mantle wedge asthenosphere is reached. By contrast the CIP and SSP have evolved to the stage where there is steeper subduction and the lithosphere component is still a part of the mantle asthenosphere, as explained below.
Implications for the Geochemical Evolution of the Mariana Arc-Basin System
[62] The distinctive feature of the Mariana convergent margin system is the presence of all stages of arc rifting through to true back-arc extension. The effects of this are evident from the geochemical mapping. The key, new observation to emerge from this study is the fact that the north and extreme south of the system, where arc rifting is in progress, have distinctively high Nb/Ta ratios. The arc in the center and south of the system, where a steady state arc-basin system has evolved, has the highest Ba/Th ratios. There is currently no unique interpretation of the unusual Nb/Ta ratios. One model consistent with the geochemical maps is illustrated in Figure 10 and outlined below.
[63] If our interpretation is correct, that the high Nb component was stored in the lithosphere, then this enrichment must predate rifting. Given that the West Mariana Ridge (the present remnant arc) has a normal calc-alkaline composition, then it is likely that this enrichment process took place during the period of reduced magmatic activity between the end of the West Mariana arc phase and the end of the rifting phase (between about 8 and 4 Ma [Clift and Lee, 1998] ). If true, this could have coincided with a period of shallow (flat) subduction, as in the present Central Andes [e.g., Kay and Abbrazzi, 1996] . Alternatively, oblique subduction, which presently characterizes the NNP, may have inhibited magmatic activity. In both cases, the small-degree melts that would contribute to the melting column during a normal subduction episode could instead enrich the lithosphere (Stage 1 in Figure 10 ). In this illustration, small-degree asthenospheric melting is triggered by a subduction component. This is not, however, the only model to fit the trace element data. Direct derivation of a component rich in Nb, Th and Ba from the deep parts of the subducted slab cannot be ruled out, as in the Clift and Lee [1998] model of increased sediment subduction during rifting and slab rollback. It is also possible that lithospheric enrichment is a normal part of steady state subduction processes and so does not depend on unusual slab geometries.
[64] Once rifting begins, asthenosphere will again be able to flow into the wedge corner, ablating the preexisting lithosphere. The combination of transfer of heat and decompression can then lead to low degrees of melting of the enriched (low melting point) parts of the lithosphere during the early stages of rifting (Stage 2 in Figure 10 ). The shoshonites of the NSP currently represent this stage of evolution.
[65] Further rifting will then lead to further influx of asthenosphere and ablation of the lithosphere. The asthenosphere melts in response to addition of a subduction component as in normal arc volcanism, but relics of preexisting lithosphere give a mixture of mantle sources (Stage 3 in Figure 10) . This may be the situation in the northern CIP and parts of the SSP.
[66] Eventually, the lithosphere component is fully extracted and subduction becomes steady state, with the mantle obtaining first a deep and then a shallow subduction component as it rises to the arc front (Stage 4 in Figure 10 ). By incorporating a high shallow subduction component, the mantle will have high Ba/Th. This may be the situation presently observed for the central CIP, most of the SSP and the edges of the Mariana Trough. In the central part of the Mariana Trough, it is interesting to note that extension has been sufficient in three discrete sites to allow mantle unmodified by subduction to feed the back-arc basin and generate true MORB. The tectonic reason for the distribution of subduction-unmodified mantle is unclear and requires further investigation. It may be a function of back-arc ridge tectonics and the extent to which eastward ridge jumps have enabled the spreading axis to relocate toward subduction-modified mantle sources. Alternatively, it may be a function of regional tectonic factors that may favor input of ''fresh'' mantle, such as the unusual degree of along-strike extension of the central part of the basin, or the possible tear in the subducting plate in the south.
Conclusions
[67] The present database indicates that there are only three areas of MORB-like compositions in the Mariana Trough. The mantle feeding the Mariana Trough is enriched in incompatible elements relative to Depleted MORB Mantle. It is possible that mantle upwelling in these three areas then spreads north and south, becoming depleted because of melt extraction during flow or mixing with more depleted mantle.
[68] A high Nb-Th-Ba component characterized by high Nb/Ta is a ubiquitous feature of the Mariana arc in the north (NSP). Other parts of the arc (northern CIP and parts of the SSP) exhibit variable mixing between mantle containing the high Nb/Ta component and normal arc mantle. The VTZ at the northern end of the Mariana Trough similarly carries this component. We explain these variations in terms of enrichment of mantle lithosphere prior to rifting of the arc, although alternative explanations are possible. The enriched component may be a high-temperature subduction-derived melt, and/or a small-degree melt of mantle modified by a subduction component. [69] A ''deep'' subduction component (the ''sediment melt'' component of Elliott et al. [1997] ) characterized by Th and Ba (but no Nb) has influenced much of the Mariana Trough and all of the Mariana Arc. Probably, this is the first component added to the mantle asthenosphere as it flows toward the arc front.
[70] A ''shallow'' subduction component (the ''fluid'' component of Elliott et al. [1997] ) is characterized by addition of Ba (but not Th or Nb) and has influenced parts of the Mariana Trough (particularly its margins) to a small extent, but is most evident in the southern and central parts of the arc. We believe that in these parts of the arc, the mantle can flow closer to the trench and so incorporate a shallower (and hence Ba-rich, Nb,Th-poor) component. The fact that this Ba addition accompanies a decrease in Th (and slight decrease in Ba) indicates that the addition of Ba accompanies melt extraction during flow within the subarc melting column.
[71] We note that the identification in this paper of the third (Nb-rich) subduction component in the Mariana arc-basin system will need to be reconciled with isotopic data. It is apparent that Sr, Nd and Pb isotopic ratios are remarkably homogeneous for the Nb-rich arc lavas , and that oxygen isotope ratios, in particular, permit only a very small amount (c. 1%) of subducted oxygen to be involved [Eiler et al., 2000; Ito et al., 2003] . Hf isotopes are critical (as Hf is a high field-strength element which is also enriched in the Nb-rich lavas), though the extent of Hf mobility is subduction systems is currently controversial [Pearce et al., 1999; Woodhead et al., 2001] . The existence and origin of a Nb-rich component therefore requires further testing but, if present, has significant implications for magma genesis during arc evolution and arc rifting.
Appendix A: Quantifying Subduction Additions
[72] For this paper, subduction additions for any subduction mobile element are calculated as the proportion (or percentage) of that element in the mantle source that is derived from the subduction zone. They are based on deviations from a MORB array, mainly on projections of a subduction mobile element against a subduction immobile element. For most plots, Yb is used as a normalizing factor and Ta as the immobile element for reasons given in the text. For studying shallow subduction, Yb is used as a normalizing factor and Th as the immobile element. Figure A1 shows the MORB arrays for the key projections used in this paper. [73] A slope greater than unity in equations (A1)- (A3) indicates that all the elements listed are more incompatible than Ta. The slopes give a measure of the relative incompatibility. Including U (not shown here), the compatibility order with slopes in parentheses is Ba (1.09 = most incompatible), Th (1.07), Nb (1.05), U (1.02), Ta (1.0 = least incompatible).
[74] Deviations from these arrays then give a measure of the contribution of the subduction component to the mantle wedge source, assuming that the chosen immobile element is indeed immobile. It is possible to define the expected value of a subduction-mobile element (M e ) as the value it would have prior to subduction addition assuming it would then have lain on the MORB array. This value can then be calculated from the concentration of the subduction-immobile element (here, Ta) using the above equations. For example, for Ba:
Ba Yb absolute additions to the mantle wedge (element fluxes), it is necessary to know more about the petrogenesis. This is much more complicated and will be attempted in a separate paper.
[77] The result is that the percentage of the added element can be contoured as lines parallel to the mantle array, as shown on Figure 6 . The minimum value at which the component can be detected is defined as 2s M /M o where 2s M is the 2-sigma error for element M on the MORB array, typically about 15%.
Appendix B: Correction for the Nb-Th-Ba Component
[78] The displacement of Mariana arc NSP samples, and a small number of basin and other arc samples, from the MORB array on the Nb-Ta diagram is unusual but demonstrates the presence of a component containing Nb and Ta. This component is described in the text as a Nb-Th-Ba component as it contains all three of these elements. This means that the component must be subtracted in order to determine the compositions and distributions of the components containing no Ta or Nb. This subtraction is not simple because processes other than mixing are involved. We therefore apply an empirical correction here.
[79] The key to this correction is the ratio of Nb to Ta in the high-Nb component. The Nb:Ta vector formed by samples with variable Nb-Th-Ba component has a gradient which approximates to 2:1 compared to a gradient of 1.05:1 formed by normal MORB processes (see Figure 7d) . The aim is then to project back along the component addition vector until the MORB line is reached.
[80] Figure B1a demonstrates how this can be done. Take (Nb/Yb) o as the observed ratio in the lava, (Nb/Yb) e as the expected ratio calculated by assuming Ta is immobile, and (Nb/Yb) e 0 as the expected ratio represented by the intersection of the subduction addition vector and the MORB array. Take the slope of the MORB array as m and the slope of the subduction addition vector as M. Then Figure A1 . Definition of the MORB array using Eocene MORB and OIB lavas from DSDP Legs 31 and 59 in the West Philippine Basin together with Mariana Trough glasses with no apparent subduction component. Deviations from these MORB arrays on plots of M 1 /Yb versus M 2 /Yb then refer to the percentage of subduction-derived element M 1 in the mantle source, assuming that M 2 is subduction-immobile (= DM 1 À M 2 ). The average N-MORB and E-MORB values of Sun and McDonough [1989] are represented as black squares. Note that the regional MORB array has higher Ba/Yb than the N-MORB average, reflecting its Indian MORB, rather than Pacific MORB, characteristics. 
where (Nb/Yb) e is calculated from equation (A3).
[81] The percentage of added Nb in the mantle is then, as then given by 
where (Th/Yb) e 0 and (Ta/Yb) e 0 is the ratio after correction, (Th/Yb) o and (Ta/Yb) o are the observed ratio, and m 0 is the slope of the NbTh-Ba component addition vector in Figure B1b (=3.5).
[83] Ba cannot be corrected in the same way, because the effects of the Nb-Th-Ba component are masked by the later additions. Thus we have to utilize the information from Figure 7g that Ba and Th behave similarly in both the Nb-Th-Ba and ThBa components. The Ba correction can then be made from the Th correction in equation (B4), 
